Abstract: Fluxes of major ions and nutrients were measured in the watershed-lake ecosystem of a strongly acidified lake, Čertovo jezero (Čertovo Lake), in the 2001 through 2005 hydrological years. Water balance was estimated from precipitation and throughfall amounts, and measured outflow from the lake. The average water input into and outflow from the watershedlake ecosystem was 1461 mm and 1271 mm (40 L km −2 s −1 ), respectively, and the water residence time in the lake averaged 662 days. The ecosystem has been recovering from acidification since the late 1980s. Still, however, Čertovo watershed was an average net source of 23 mmol m reduction, and photochemical and microbial decomposition of allochthonous organic matter were the most important in-lake H + consuming processes (215, 85, and 122 mmol H + m −2 yr −1 , respectively), while hydrolysis of Ali was the dominant H + generating process (96 mmol H + m −2 yr −1 ) in Čertovo Lake. Photochemical liberation from organic complexes was an additional in-lake source of Ali. The net in-lake retention or removal of nutrients (carbon, phosphorus, nitrogen, and silica) varied between 18% and 34% of their inputs.
Introduction
Similarly to freshwaters in other acid sensitive areas of the world (Psenner & Catalan, 1994; Norton & Veselý, 2004) , lakes situated in the Bohemian Forest, Czech Republic, were atmospherically acidified in the second half of the 20 th century (Veselý, 1994; Majer et al., 2003) . The proximity of this lake district to the maximum European emission sources of sulfur (S) and nitrogen (N) oxides resulted in its severe acidification, similar to that in the Erzgebirge (SE Germany, Ulrich et al., 2006) , and exceptional on a European scale . The lake water acidification reached maximum levels in the 1980s. Since the late 1980s, atmospheric inputs of S and total inorganic N (TIN = NH 4 -N + NO 3 -N) into the Bohemian Forest have declined by 80% and 30%, respectively, due to decreases in energy and cattle productions, changes in fuel supplies, and S emission controls in the central European region (Kopáček et al., 2001b) . The reduction in acid inputs has caused significant lake water recovery from acidification (Veselý et al., 1998; Kopáček et al., 2002b) . Historical studies from the end of the 19 th century (Frič, 1873) and the early 1960s (Procházková & Blažka, 1999) , and regular limnological investigation since 1984 (Veselý, 1994; Veselý et al., 1998) has provided a useful basis for long-term ecological research of these lakes (Vrba et al., 2003) . Consequently, the Bohemian Forest lakes represent valuable study sites for investigation of chemical and biological responses to strong changes in acid deposition. As a part of this long-term research we have investigated major fluxes and transformations of ions and nutrients in the lakes and their watersheds, and changes related to the ecosystem recovery from acidification (e.g., Kopáček et al., 2001a Kopáček et al., , b, 2004 Kopáček et al., , 2005 . The aim of this study is to evaluate fluxes of major water constituents in two intensively studied Bohemian Forest watershed-lake ecosystems differing in acidity, phosphorus loading, and ability to assimilate nitrogen. Using annual fluxes of major elements in precipitation, throughfall, tributaries, and output from the lake, we calculate mass balances for major ions and nutrients to quantify their sinks and sources within the watershed and the lake during transport through the ecosystem. In this part of the study we provide data S414 J. Kopáček et al. Fig. 1 . Map of the Čertovo Lake watershed (bold dashed line) with the locations of sampling sites. Lake water -full circle at the maximum depth in the bathymetric map of the lake, tributaries CT-I to CT-VII, weir precipitation, and throughfall (TF-L, low elevation; TF-H, high elevation).
on Čertovo jezero (Čertovo Lake), the most acidified Bohemian Forest lake in the 2001-2005 period.
Material and methods

Description of study site
Čertovo Lake is situated in the Bohemian Forest (Šumava) at the Czech-German border (13
• 12 E, 49 • 10 N) at an elevation of 1028 m a.s.l. (Fig. 1 ). It is a dimictic, oligotrophic lake of glacial origin, with surface area of 10.5 ha, maximum depth of 36 m, and mean depth of 17.9 m (ŠVAM- BERA, 1939) . The lake volume is 1.852×10 6 m 3 , of which 26%, 40%, and 34% are in the 0-5 m, 5-15 m, and 15-36 m layers, respectively. The lake is usually ice-covered from December to late April. The lake was atmospherically acidified already in the 1950s (pH < 5.0) (PROCHÁZKOVÁ & BLAŽKA, 1999; MAJER et al., 2003) and acidification progressed until the middle 1980s, when pH ranged between 4.1 and 4.4 (VESELÝ et al., 1993 (VESELÝ et al., , 1998 . Čertovo Lake is fishless, crustacean zooplankton are extinct, the phytoplankton is dominated by dinoflagellates and Chrysophyceae, and filamentous microorganisms dominate the bacterioplankton (VRBA et al., 2003) . Submersed littoral macrophytes are absent. The lake has seven surface tributaries (CT-I to CT-VII), of which CT-II is the major tributary, representing on average ∼60% of the lake input (KOPÁČEK et al., 2001a) .
The watershed of Čertovo Lake (87.5 ha including the lake) is steep, with a maximum local relief of 315 m. Norway spruce (90-150 years old) dominates the watershed vegetation. Details on land use history and forest composition of the watershed are given by VESELÝ et al. (1993) and VESELÝ (1994) and details on the dominant understory vegetation are given by SVOBODA et al. (2006) . The bedrock is made up of mica-schist (muscovitic gneiss), quartzite, and small amounts of pegmatite (VESELÝ, 1994) . The watershed is covered with ∼0.5 m deep dystric cambisol (58%), podsol (21%), and shallow (∼0.2 m) leptosol (17%); wetlands and bare rocks represent ∼3% and 1%, respectively. Fine soil is sandy (48-81%) with a low (1-4%) content of clay and a watershed weighted mean pool of 225 kg m −2 (< 2 mm, dry weight soil fraction). Soil pH (CaCl2 extractable) is low, with minimum values of 2.5-3.3 in A-horizons and maximum values of 3.6-4.5 in mineral horizons. The mean effective cation exchange capacity of the soils is 104 meq kg −1 (NH4Cl and KCl extractable), of which 9% is base saturation and 62% and 29% is exElement fluxes in watershed-lake ecosystem of Čertovo Lake
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3+ and H + , respectively (KOPÁČEK et al., 2002a) .
Sampling and analyses
Water samples were taken from November 2000 to October 2005. Atmospheric deposition was collected at three sites (Fig. 1) . Precipitation was sampled in an open area without trees (2 samplers) at an elevation of 1175 m, < 1 km north of the lake watershed. Throughfall was sampled at two forest plots (9 samplers each) at elevations of 1045 m (TF-L) and 1330 m (TF-H). For details on the sampling sites see HRUŠKA et al. (2000) . At each site, contents of samplers were measured individually, but for chemical analyses they were combined for an integrated sample. Rain was sampled in two-week intervals, and snow in four-week intervals. Samples from tributaries and the outlet were taken in three-week intervals and biweekly (weekly during snowmelt period), respectively. Discharges of tributaries were estimated using a stop-watch and bucket method. These discharge values were used for calculation of volume-weighted mean composition of watershed export, while the water inflow into the lake from its watershed was estimated on the basis of Cl − balance (see later). Samples were immediately filtered through a 40-µm polyamide sieve to remove coarse particles re-suspended from the streambed during sampling. Each sample was analyzed separately and chemical inputs to the lake were calculated from volume-weighted mean concentrations for the seven tributaries. The discharge from the lake was continuously monitored using a gauge-recorder (part of an MS16 automatic weather station; J. Fiedler, České Budějovice; readings in 15-min intervals) at a weir, situated ∼150 m downstream of the lake. A water column profile was sampled at the deepest part of the lake (Fig. 1 ). Temperature and dissolved oxygen were measured with a DataSonde 4 (Hydrolab, USA). The samples of lake and outlet water were immediately filtered through a 200-µm polyamide sieve.
In the laboratory, samples were filtered with either membrane filters (pore size of 0.45 µm) for the determination of ions and Si, or with glass-fiber filters (pore size of 0.4 µm) for other analyses, except for samples for pH, acid neutralizing capacity (ANC, determined by Gran titration), and total concentrations of Al, P, C, and N, which were not filtered beyond the field pre-filter. Dissolved and particulate organic C (DOC and POC) in lake water were analyzed with a TOC 5000A analyzer (Shimadzu) for the filtrate and by combustion of the glass-fiber filter with the retained particulate organic matter, respectively. In samples of atmospheric deposition and tributaries, POC was calculated as the differences between concentrations of total and dissolved C, analyzed with a TOC/TN analyzer (Formacs) for the nonfiltered samples and filtrate, respectively. Soluble reactive P (SRP) was determined by the molybdate method (MUR-PHY & RILEY, 1962) . When the SRP concentration was below the detection limit of 0.05 µmol L −1 , a half of this value was used in subsequent data evaluation. Total and dissolved P (TP and DP) were determined by perchloric acid digestion and the molybdate method according to KOPÁČEK & HEJZLAR (1993) , but samples were fourfold concentrated by evaporation (with perchloric acid at ∼100
• C prior digestion) to obtain a detection limit of 0.015 µmol L −1 . Dissolved reactive silica (Si) was determined by the molybdate method by GOLTERMAN & CLYMO (1969) . In 2001 and 2002, total and dissolved organic N (TON and DON; the difference between the respective Kjeldahl N and NH4-N) were determined by Kjeldahl digestion according to PROCHÁZKOVÁ (1960) , with 75 ml of samples previously evaporated to obtain a detection limit of ∼2 µmol L −1 . In 2003-2005, concentrations of TON and DON were the differences between the respective concentrations of total and dissolved N (TOC/TN analyzer, Formacs) and (NO3-N + NH4-N); NO2-N was typically < 1% of NO3-N in all types of samples and was neglected. Particulate P (PP) and particulate organic N (PON) were the differences between TP and DP and between TON and DON, respectively Fractionation of aluminum according to DRISCOLL (1984) , i.e., total Al (AlT), dissolved Al, and organically bound Al (Alo), were analyzed in non-filtered samples, filtered samples, and cation exchange treated samples after their filtration, respectively, using the method by DOUGAN & WILSON (1974) . Ionic Al (Ali) was the difference between dissolved Al and Alo concentrations. Particulate Al (Alp) was the difference between total and dissolved Al concentrations. The respective Fe fractions (FeT, Fei, Feo, and Fep) were obtained analogously to Al, and their concentrations were determined by the thiocyanate colorimetric method after sample evaporation and digestion with perchloric acid (HEJZLAR & KOPÁČEK, 1998 (KOPÁČEK et al., 2000a) . Briefly, the A − concentration was estimated according to OLIVER et al. (1983) from the concentration of DOC and ionization of carboxyl groups at the sample pH. The concentration of ionizable carboxylic groups per mass of DOC was estimated as the difference between the average total concentration of carboxylic groups per one mg of DOC of natural fulvic and humic acids (10 µeq mg −1 ; OLIVER et al., 1983) and the concentration of metal-complexed carboxylic groups. The latter concentration was assumed to be equal to the sum of Alo and Feo concentrations (other organically bound metals like Ca, Mn, Cu, or Mg were not considered).
The reliability of the analytical methods was checked by means of an ionic balance control approach (KOPÁČEK et al., 2000a) . The difference between the sum of cations and the sum of anions was < ±4% of the total ionic content in the annual volume (or discharge) weighted mean composition of precipitation, throughfall, tributaries, lake water, and output.
Climatic data are from the Churáňov station in the Bohemian Forest (49 • 04 N; 13
• 37 E; elevation of 1122 m) and were provided by the Czech Hydrometeorological Institute.
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Mass balances
Mass balance of chemical constituents in the watershed soils and lake was calculated for individual hydrological years according to equations (1) and (2), respectively:
where QDEP, QIN, QP, and QOUT (all in m 3 yr −1 ) are total atmospheric deposition of water on the forest floor, water input into the lake from its watershed, direct atmospheric deposition on the lake surface, and total water output from the lake, respectively. CDEP, CIN, CP, and COUT (all in mol m −3 ) are annual volume (or discharge and time) weighted mean (VWM) concentrations of a constituent in the atmospheric deposition on the forest floor, in tributaries, in direct atmospheric deposition on the lake surface, and in the lake output, respectively. PW and PL (both in mol yr −1 ) are the net mass production (when positive) or retention (when negative) of a constituent in the watershed and lake, respectively. ∆ML (mol yr −1 ) is the change in storage of a constituent in the lake. ∆ML was obtained as the difference between element amounts in the lake at the end and beginning of individual hydrological years, calculated by linking concentration data for the individual water layers of the lake with their corresponding volumes. An analogous change in storage of a constituent in the watershed was assumed to be negligible in a one-year balance and was neglected in equation (1).
The water balance was determined from the annual heights of precipitation in the open area and throughfall, output from the lake, and the budget for Cl − . QDEP was calculated, assuming that 15% and 85% of watershed area received atmospheric deposition in the form of precipitation and throughfall, respectively, and that 30% and 70% of throughfall deposition were comparable to that at sites TF-L and TF-H, respectively. This approach was based on previous mass budget studies in this watershed (KOPÁČEK et al., 2001a) . The total water input into the lake was the sum of QIN and QP. QIN was calculated from equation (1) and VWM concentrations of Cl − in the atmospheric deposition and tributaries, assuming that Cl − behaved conservatively with no net retention or production within the ecosystem (i.e., PW of Cl − was negligible). QOUT was calculated from equation (2), using the annual VWM concentrations of Cl − in tributaries, precipitation, lake output, and neglecting PL of Cl − , providing values similar to the measured QOUT at the weir. The average difference between calculated and measured QOUT was 1.2%, indicating that QIN was estimated with reasonable precision. The element fluxes were calculated as follows: (i) The input was the product of QIN and discharge-and period-weighted mean composition of inlet (all tributaries), (ii) the output from the lake was obtained by linking lake outflow with the corresponding concentration by the method of period-weighted mean (LIKENS et al., 1977) , and (iii) the atmospheric deposition on the forest floor was calculated from the heights and VWM compositions of precipitation and throughfall.
Net terrestrial and aquatic production (or consumption) of protons and the contributions of individual constituents to these processes were estimated from budgets for ions, using the equation of electroneutrality:
where brackets represent equivalent concentrations of components. According to this approach, any increase in concentration of cations and decrease in concentration of anions are H + consuming processes. In contrast, any decrease in concentration of cations and increase in concentration of anions are H + producing reactions. Changes in concentrations of ionic P and Si forms were neglected.
Results and discussion
Fluxes of major chemical constituents
The annual VWM compositions of TF-L and TF-H were similar, but element depositions were higher at higher elevation due to the higher amount of throughfall (Tab. 1). The gradient of throughfall deposition between TF-L and TF-H was ∼1 mm m −1 . Throughfall deposition of conservative ions (Na + , Cl − , and SO 2− 4 ) was on average ∼1.8 fold higher than that of precipitation. Provided that the exchange of these conservative ions is negligible in canopies, we can assume that their total (wet, dry, and horizontal) atmospheric input into the watershed was equal to their throughfall flux. Total atmospheric input of the other elements can be roughly estimated from their precipitation fluxes, multiplied by a factor of 1.8. Comparable ratios of throughfall flux to precipitation flux were found for Ca 2+ , NO − 3 , and TP (2.1, 1.6 and 1.5, respectively), indicating a minor impact of the canopy on their deposition in the Čertovo watershed. Throughfall fluxes of the other constituents were, however, importantly affected by canopy interactions, as is discussed in detail by, e.g., Lovett (1992) and Dise et al. (1998) . Substantially elevated throughfall fluxes were observed for K + (8.2), DOC (5.4), Mg
2+
(3.1), and DON (2.9). In contrast, the NH + 4 concentrations were negatively affected by canopy interactions, being only 1.3 times higher in throughfall deposition. As a result of the changes, throughfall deposition of H + was 1.4 times higher compared to precipitation in the Čertovo watershed. An even higher difference between precipitation and throughfall deposition of H + (1.7 times more in throughfall) was observed in the Plešné watershed . These results imply that dry and horizontal deposition of strong acid anions remains an important acidity source for the Bohemian Forest ecosystem despite the substantial decline in S and N emissions since the late 1980s (Kopáček et al., 2001b) .
All tributaries were more acidic than throughfall, with the annual discharge weighted mean pH between 4.1 and 4.5, and had higher concentrations of SO
2− 4
and NO − 3 (Tab. 2). In contrast, deposited NH + 4 was almost completely retained in soils and its concentration in tributaries was permanently low (∼1 µmol L −1 ), even during periods of snowmelt or heavy rains. All 11 ± 2 1 2± 1 1 0± 2 9 ± 1 1 0± 3 1 6± 2 1 4± 2 Mg 2+ 14 ± 3 1 5± 2 1 3± 2 1 3± 2 1 5± 2 2 0± 2 1 6± 2 Na + 34 ± 1 3 1± 2 2 9± 1 2 8± 2 2 9± 2 3 9± 2 3 8± 2 
2.6 ± 1.1 1.9 ± 0.8 2.6 ± 0.8 1.9 ± 0.4 1.5 ± 0. tributaries had lower concentrations of DOC, TP, and TON than throughfall, and SRP was always below the detection limit of 0.05 µmol L −1 . Tributaries CT-I to CT-V represented ∼80% of the total sampled terrestrial input to the lake and their chemistry was comparable to that in the major tributary CT-II (Tab. 1), except for lower NO − 3 concentrations in CT-I, due probably to a small wetland in its watershed. The chemistry of tributaries CT-VI and CT-VII differed from the other tributaries, being significantly less acid (32 vs. 50-80 µmol H + L −1 ) and having higher concentrations of all base cations and Si, and lower DOC concentrations (Tab. 2). Such a different composition implies a higher proportion of subsurface water (base flow) in these tributaries or longer water contact with deep mineral soil horizons than in other sub-watersheds.
The NO − 3 concentrations exhibited the most pronounced seasonal variability among all water constituents of tributaries (Fig. 2) , being highest during the dormant period, with the maxima during spring snowmelt, and lowest in summer. In 2003, NO − 3 concentrations increased rapidly after the fall rains as early as in the middle of October to levels otherwise typical for winter months (Fig. 2) and the terrestrial NO − 3 export in the 2004 hydrological year differed from the others. We assume that the primary reason for this difference was a dry and hot summer (July-September) in 2003, with an average air temperature 1.8
• C higher and average precipitation 50% lower than the averages for this period throughout the study (12.5
• C and 4.0 mm day −1 ). This period was followed by a rainy October (Fig. 2) export (e.g., Mitchell et al., 1996; Monteith et al., 2000) , we hypothesize the following effects of a dry and hot summer: (i) higher mineralization of organic matter in soils (i.e., higher TIN production from internal sources) and (ii) lower TIN uptake by vegetation. The watershed is mostly vegetated by Norway spruce, with shallow roots. Dry surface soils can limit vegetation growth by lower water and/or nutrient transport to roots. Lower N uptake by vegetation leaves more NH + 4 from atmospheric deposition and mineralization for the soil microbial community and nitrification. Due to soil dryness, NO − 3 is not exported to ground waters and Element fluxes in watershed-lake ecosystem of Čertovo Lake leaching was probably general for the whole Bohemian Forest. Similar relationships were observed also in the Plešné watershed , and NO − 3 concentrations increased in all lakes in the region in 2004 (Kopáček, unpubl. data) .
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The A − (and DOC) concentrations were inversely correlated to NO − 3 (P < 0.001), being usually low in winter and increasing in summer and fall. Similar seasonal variations in aquatic DOC concentrations are well known from other sites and are associated with the elevated decomposition of soil organic matter during warmer periods and hydrological conditions (Hruška et al., 1996) . The SO 2− 4 concentrations decreased during the first two years of the study and then were stable, without a seasonal trend, except for dilution during periods of elevated discharge (Fig. 2) . Despite seasonal variability in NO − 3 concentrations, the pH of tributaries was relatively stable (4.1-4.6) because most of the changes in concentrations of strong acid anions were compensated for by changes in Al i concentrations (Fig. 2) , and base cations (not shown). The ion exchange at the soil and bedrock interface was probably responsible for this buffering effect. The changes in NO − 3 concentrations explained (P < 0.001) 78, 66, 45, and 44% of the seasonal variability in concentrations of K + , Al i , Mg 2+ , and Ca 2+ , respectively.
Compared to the lake terrestrial input from all tributaries, the discharge weighted mean composition of the lake output had lower concentrations of H + , NO 3). These differences resulted from three major processes: (1) mixing of water from tributaries with water from direct atmospheric deposition on the lake surface, (2) in-lake (assimilatory and dissimilatory) processes, and (3) sedimentation and chemical fluxes across the sedimentwater interface. The importance of these processes dif- Explanations: * Terrestrial part of watershed; ** specific outflow from the whole watershed, including the lake. H + 23 ± 7 3 1 ± 9 7 3 ± 20 42 ± 13 Ca 2+
9 ± 3 1 7 ± 2 1 5 ± 4 −2 ± 2 3 ± 5 Mg 2+
2.4 ± 0.7 7 ± 2 1 8 ± 3 1 2 ± 3 −23 ± 5 Na + 12 ± 2 1 9 ± 3 4 0 ± 7 2 2 ± 4 −22 ± 4 K + 6 ± 3 3 4 ± 3 1 1 ± 3 −23 ± 4 2 3 ± 4 NH 18 ± 5 2 9 ± 6 5 3 ± 11 23 ± 5 4 7 ± 9 Cl − 11 ± 2 2 1 ± 5 fered for individual elements and their forms and was estimated using the mass budgets.
Water budget
Water input into the ecosystem (i.e., deposition on the forest floor and on the lake surface) varied between 9.8 × 10 5 and 1.7 × 10 6 m 3 yr −1 (i.e., 1115 and 1953 mm on a whole watershed-area basis) in the extremely dry and wet years of 2002, respectively (Tab. 4) . The average water input and outflow from the ecosystem was 1461 mm and 1271 mm (specific outflow of 40 L km −2 s −1 ), respectively, for the study period. The resulting average evaporation from the ecosystem (14%) was expectedly low, being based on deposition to the forest floor. The amount of throughfall was affected by evaporation from canopies, which reduced the sampled compared to the actual water input. Water residence time in Čertovo Lake varied between 410 days in 2002 and 979 days in 2003, and averaged 662 days.
Soil sources and sinks of H +
The net terrestrial budget of elements is operationally defined in this study as the difference between their export from the watershed via tributaries and their deposition on the forest floor. The deposition on the forest floor, however, does not represent total input into the ecosystem for non-conservative elements (Lovett, 1992) , underestimating the real atmospheric input of NH + 4 and overestimating the input of most base cations and DOC. The net terrestrial budget of elements, provided in this study, assesses the ability of watershed soils to release or retain elements.
Soils in the Čertovo Lake watershed were a net source of acidity, with H + production of 42 ± 13 mmol m −2 yr −1 (average ± standard deviation), given on a watershed-area basis. The major proton generating processes were N transformations (NH 
5). The associated H
+ production was 55 ± 9 mmol m −2 yr −1 . In contrast, the terrestrial output of NO − 3 was on average 26 mmol m −2 yr −1 higher than its deposition on the forest floor. This pattern indicated another terrestrial production of protons due to nitrification of ammonium derived either from atmospheric deposition or internal mineralization of organic N. Hence, the average total net H + production associated with the terrestrial transformations of TIN in the Čertovo watershed was 81 ± 24 mmol m −2 yr −1 . This value was higher than the H + production due to TIN transformations in another Bohemian Forest watershed (Plešné Lake; 72 ± 17 mmol m −2 yr −1 ; and almost twofold higher than the maximum observed for 17 European forest sites (-5 to 46 mmol m −2 yr −1 ) in 1997-1999 (Forsius et al., 2005) . Reactions involving terrestrial release of Al i , Mg 2+ , and Na + due to weathering and cation exchange processes were the most important terrestrial mechanisms reducing H + concentrations in water passing through the Čertovo soils (53, 23, and 22 mmol m −2 yr −1 , respectively). In contrast, the watershed exports of Ca
2+
and K + were lower than their deposition on the forest floor (Tab. 5), suggesting that weathering and atmospheric input were lower sources of these nutrients then their uptake by vegetation. Different patterns in the terrestrial budgets for Mg 2+ and Ca 2+ probably resulted from an order-of-magnitude higher Mg concentration in the bedrock (454 mmol kg −1 in comparison with 52 mmol kg −1 for Ca; Kopáček et al., 2002a) . Total atmospheric input of K + into the watershed, estimated as 1.8 × precipitation flux, was 10 mmol m −2 yr −1 . The total K + deposition onto the forest floor was further elevated by canopy interactions to a total of 34 mmol m −2 yr −1 . K + export from the watershed was 11 mmol m −2 yr −1 . Hence, deposition on the forest floor represented an important source of K + for soils in the Čertovo watershed, and its retention significantly contributed to the H + release to waters (23 mmol m −2 yr −1 ). A similar pattern for K + , in that terrestrial uptake exceeded leaching, was also typical for all the Integrated Forest Study sites within the Northern Hemisphere (Johnson, 1992 (Tab. 5). If we assume the input of base cations on the forest floor to be 1.8 × precipitation flux (i.e., 40 × 1.8 = 72 meq m −2 yr −1 ) and subtract it from their terrestrial export (118 meq m −2 yr −1 ; Tab. 5), then the terrestrial H + reduction due to reactions of base cations amounts to 46 mmol m −2 yr −1 . This flux, representing the maximum estimate of the neutralizing effect of base cations for the Čertovo watershed, is in the lower range of analogous data reported for 33 acid sensitive watersheds throughout the Northern Hemisphere (Schindler, 1986) . The low contribution of base cations to the H + neutralizing processes confirms strong soil depletion of base cations in the Čertovo soils (Kopáček et al., 2002a; Majer et al., 2003) , and together with low pH in tributaries (Tab. 2) explains the continuing high Al i leaching (Tab. 5).
In lake processes and their impact on H + balance The internal processes caused a significant reduction in NO
, and Al i concentrations and a pH increase in the lake outlet compared to tributaries (Fig. 2) . In contrast, concentrations of all particulate nutrient and metal forms increased in the lake and their output was higher than input (Tab. 3).
The total input of H + into the lake from atmospheric deposition and tributaries averaged 571 mmol m −2 yr −1 (based on a lake-area basis). The average H + output was 364 mmol m −2 yr −1 and the in-lake storage of H + changed negligibly (VWM pH of the lake was 4.6 both at the beginning and the end of the study) (Tabs 3 and 6). The net in-lake H + reduction was 222 ± 97 mmol m −2 yr −1 . From the total in-lake removal of H + , reductions in NO concentrations represented 51, 29, and 20%, respectively (Tab. 6). Hence, denitrification and NO − 3 assimilation were the dominant internal alkalinity generating processes, as observed also in other acidified lakes with elevated NO − 3 inputs (Kelly et al., 1987; Schindler, 1986) . The proportion of NO − 3 assimilation and denitrification is discussed in more detail in the second part of this study .
Denitrification and assimilation removed on average 215 ± 89 mmol NO − 3 m −2 yr −1 , i.e. ∼30% of the total NO − 3 input to the lake by tributaries and direct atmospheric deposition, neutralizing the equivalent amount of H + . The average in-lake removal of SO
2− 4
represented ∼10% of its total input and was responsible for neutralization of 85 ± 33 mmol H + m −2 yr −1 . The relative SO 2− 4 retention in Čertovo Lake was similar to that in Plešné Lake (8%; Kopáček et al., 2006) , Huzenbacher See (14%, Thies, 1997) and other lakes with water residence times <4 yr (5-19%, Kelly et al., 1987) . While reduction in sediments was probably 7 ± 3 1 6 ± 12 2 ± 2 −2 ± 12 Feo 17 ± 8 1 0 ± 7 −6 ± 6
Explanations: Values are given on a lake-area basis; ND -not determined. * Sum of atmospheric deposition on the lake surface (see precipitation in Tab the most important SO 2− 4 removing process (Kelly et al., 1987) , denitrification could occur both in sediments and the anoxic hypolimnion. But, the zone with depleted O 2 (<1 mg L −1 ) was relatively thin (∼1-2 m) and occurred only in the deepest parts of the lake for a part of the seasonal cycle during winter and summer temperature stratification (usually from August to October and from February to April). Examples of the development of temperature stratification, time-depth changes in concentrations of O 2 , NO − 3 , and SO 2− 4 , and the related impacts on H + concentrations in the hypolimnion of Čertovo Lake are given by Kopáček et al. (2000b Kopáček et al. ( , 2001a .
The average in-lake reduction in A − (122 meq m −2 yr −1 ) was associated with removal of autochthonous recalcitrant DOC due to its photochemical and biological degradation . Partial photochemical degradation of allochthonous DOC produces biologically available compounds for bacterial growth (Wetzel et al., 1995) and can explain the high proportion of bacteria in the total plankton biomass observed in Čertovo Lake (Vrba et al., 2003; Nedbalová et al., 2006) . The photochemical and microbial DOC decomposition lowered its concentrations in the outlet, compared to tributaries (Fig. 3) . In addition to the effect on DOC and A − concentrations, photochemical transformation of DOC had a significant effect on metal chemistry (Kopáček et al., , 2005 , liberating ∼50% of Al o and Fe o from their organic complexes as Al i and Fe i (Tab. 6). The Al o and Fe o concentrations were thus lower in the outlet than in tributaries throughout the study, except for spring snowmelts (Fig. 3) . In addition to DOC photo-oxidation, metal liberation from organic complexes results from a decreasing DOC complexation ability, indicated by decreasing (Al o + Fe o ) : DOC ratios between tributaries and the outlet (Fig. 3) , with averages of 0.019 and 0.013 mol mol −1 , respectively. The metal photo-liberation was quantitatively more important for Al than for Fe, due to higher Al o concentrations in tributaries (Tab. 2). As a result, the terrestrial export of Al i (on average 153 mmol m −2 yr −1 on a lake-area basis) was elevated by an additional internal production of 30 mmol Al i m −2 yr −1 due to photochemical liberation of Al o (Tab. 6). This internal Al i source contributes to the pool of toxic Al i in the lakes and affects H + budgets. Hydrolysis of Al i due to the increasing pH between tributaries and outlet (Stumm & Morgan, 1981) to either less charged species (the average n charge decreased from 2.6 in the lake inlets to 2.3 in the output) or to Al(OH) 3 (with n = 0). The Al(OH) 3 formation and its precipitation occurred mostly in the hypolimnion with elevated pH values (Kopáček et al., 2001a) . Of the Al T entering the lake, > 98% was in the dissolved form (Al i , 70%; Al o , 29%; Al p , ∼1%). The Al i proportion in the Al T pool inElement fluxes in watershed-lake ecosystem of Čertovo Lake creased to 76% in the lake output, while the Al o proportion decreased to 16%, and that of Al p increased to 8% (Tab. 3). Similarly to Al n+ i , the average charge of Fe
decreased in the lake from an average m value of 1.14 in the inlet to 1.08 in the outlet. But the lake was a net source of Fe m+ i and, consequently, an in-lake sink for H + (Tab. 6). More details on the in-lake Al and Fe transformations are given in the second part of this study .
The terrestrial Al o export was positively correlated with DOC (P < 0.001), which explained 75% of the Al o variability in the lake input (Fig. 3) . In contrast, the terrestrial Al i export was mostly associated with NO − 3 and SO 2− 4 (both P < 0.001), and these anions explained 66 and 10% of Al i variability, respectively. Because the DOC and NO − 3 concentrations were negatively correlated (P < 0.001; compare their inverse seasonal trends in Figs 2 and 3) , the Al o and Al i concentrations in lake input also exhibited an inverse correlation (P < 0.01). Because of the relative independence between the external Al i and Al o sources, we can expect that the relative importance of the internal photochemical Al i sources will increase in the future for the two following reasons. The terrestrial Al i export will probably continue in its decline as the ecosystem recovers from acidification (Majer et al., 2003) . This decrease is mostly associated with the decreasing terrestrial production of (Fig. 4) due to continuous depletion of S pools accumulated in soils over the decades of high S deposition (Kopáček et al., 2001b) . A significant increasing trend in DOC concentrations in the Bohemian Forest lakes during the last 15 years is probably associated with an elevated terrestrial DOC export (as in other areas recovering from acidification; e.g., Evans & Monteith, 2001) , and we suspect it to bring more Al o to the lakes. In-lake nutrient retention and uncertainty in the measured fluxes The lake was a net sink for all nutrients, removing on average 25% of TP and total N, 34% of DOC, and 18% of Si inputs (Tab. 6). The annual removal of Si in Čer-tovo Lake averaged 131 ± 53 mmol m −2 yr −1 . The reduction of dissolved Si in lakes is commonly associated with diatom production (Wetzel, 2001) . Pelagic diatoms are, however, absent in Čertovo Lake, but Chrysophyceae form an important portion of the phytoplankton biomass (Vrba et al., 2003; Nedbalová et al., 2006) . The sedimentation of chrysophycean cysts and scales seems to be a probable biological mechanism contributing to the Si depletion in the lake. Without a more detailed study on the sedimentation rate of biogenic Si we also cannot exclude the presence of abiotic processes, like formation and sedimentation of hydroxyaluminosilicates, contributing to the internal Si sink.
The major portion of TP in tributaries was in dissolved form (79%; Tab. 3) and SRP formed on average 36% of TP in precipitation (Tab. 1), suggesting that the terrestrial export was the dominant source of easily available P for in-lake primary production. The lake was an average sink of 0.52 mmol TP m −2 yr −1 ; however, it became a net source of 0.11 mmol TP m −2 yr −1 in 2004. A similar net TP production by a small lake has also been reported elsewhere (Thies, 1997) and higher P accumulation in sediments than its in-lake retention (calculated on the basis of output, tributaries, and atmospheric deposition) was observed in Plešné Lake (Kopáček et al., 2004) . This disproportion suggests other, neglected P sources for the lakes. We hypothesize that the deposition of needles from shoreline trees (Psenner, 1984) , airborne transport of particulate organic matter (Wetzel, 2001) , and overland flow can represent the missing input of PP, as well as of other nutrients (POC and PON) and metals (Fe, Mg, Ca) , to the lake. For example, the lake was a net source of Fe (on average 11 ± 18 mmol m −2 yr −1 ), with high productions of 23 and 34 mmol m Fe could be partly liberated from anoxic sediments; for a more detailed discussion see .
In-lake retention of base cations in Čertovo Lake was higher than their accumulation rate in sediments (Kopáček et al., 2001a) . High in-lake retention was observed for the conservative ion Na + (Tab. 6), indicating a significant proportion of not-sampled overflow and interflow in the total terrestrial water export during hydrologic events like snowmelt or heavy rains. This process produces water of low pH, ANC, and concentrations of base cations, but elevates DOC concentrations (Likens et al., 1977) . While neglecting these water fluxes probably overestimated volume weighted mean concentrations of base cations in the lake inputs, the DOC concentrations could be underestimated.
All studies on element fluxes entail a degree of uncertainty, and this study is no exception. Uncertainties are associated with measured input/output data (i.e., with precision of analytical methods and unstable conditions between samplings), estimated parameters, and with factors not considered in the mass budgets. The highest uncertainty in this study is associated with terrestrial export of elements. Due to the difficult access to the lake tributaries, the chemical composition of the terrestrial export was based on three-week sampling, which led to loss of some high flow events. But, Figs 1 and 2 show that the seasonal variability in chemical composition was more pronounced than that between the individual samplings (associated with discharge) for most constituents. Moreover, the possible error of low sampling frequency was partly eliminated by the used mass budget approach. The individual data on element concentrations and discharges of tributaries were used to calculate the annual (dischargeand period-weighted) mean composition of the input from the watershed. The annual water flux of this input (Q IN ) was in reasonable concordance with the continuosly measured Q OUT . It means that the annual water balance was not affected by the low frequency of sampling, which reduced the uncertainty in the data on input fluxes. The precision of determination of the major ionic fluxes in the watershed-lake ecosystem was further tested by two independent estimates of H + budgets. In total, terrestrial processes produced and consumed 156 and 109 mmol H + m −2 yr −1 (Tab. 5), resulting in the net terrestrial production of 47 mmol H + m −2 yr −1 in the Čertovo watershed. Thus, estimated net terrestrial H + production was similar to the average value of 42 mmol H + m −2 yr −1 , estimated from the H + budget, based on pH measurements. Similarly, the total in-lake removal and production of H + was 424 and 196 mmol m −2 yr −1 , respectively, resulting in the net removal of 228 mmol H + m −2 yr −1 (Tab. 6) in Čer-tovo Lake. Thus, estimated net in-lake H + removal was similar to the average value of 222 mmol H + m −2 yr −1 , estimated from the H + budget, based on pH measurements. The concordances between the independent estimates suggest that the major ionic fluxes within the watershed and lake were estimated with reasonable precision.
To conclude: Despite the limited frequency of sampling of tributaries, the H + mass budget for Čertovo Lake reasonably showed the importance of individual proton producing and removing processes within the strongly acidified watershed-lake ecosystem during its recovery from acidification. More detailed comparison of these processes with those in the most productive Bohemian Forest lake (Plešné Lake), and with other published data is given in the second part of this study .
